Pax2 is a paired box transcription factor expressed in a spatially and temporally restricted manner and its absence results in major developmental defects of the central nervous system, eyes, ears and urogenital system. We recently reported that Pax2 is expressed in pancreatic endocrine cell lines and adult islets of Langerhans and activates glucagon gene expression. We have shown here that the Pax2 gene is expressed during pancreas development as early as embryonic day 10.5. Its absence, as assessed in Pax2 1Neu mutant mice, results in a two-to threefold increase in the average pancreas volume occupied by the islets in both heterozygous and homozygous mutant mice with a gene-dependent dosage effect. This increase, which is due to a change in the number of islets per unit pancreas volume and in the size of individual islets, is not accompanied by significant modification in the insulin or glucagon content of the pancreas, indicating that the content of these hormones per cell is decreased. We have concluded that Pax2 may be implicated in the prenatal determination of the relative proportion of the endocrine and exocrine tissues of the pancreas.
Introduction
Growth and differentiation in the developing embryo are achieved by the accurate control of gene expression at any given stage. Transcription factors play a pivotal role in this process by controlling the expression of specific genes which are necessary for normal development. The pax gene family encodes transcription factors that have been implicated in the control of mammalian development (1, 2) and are characterized by the presence of a 128 amino acid DNA-binding domain, referred to as the paired box. In vertebrates, the nine members of the pax family can be classified in four groups based upon the presence of conserved structural domains, sequence homology and similar expression pattern (3, 4) . Group I which comprises Pax1 and Pax9 bear the paired domain and a conserved octapeptide motif that can negatively regulate gene transcription by recruitment of Groucho corepressor proteins (5, 6) . Pax2, Pax5 and Pax8 form group II which is specified by a paired domain, an octapeptide motif and a partial paired-class DNA-binding homeodomain. Group III, represented by Pax3 and Pax7, contains a second DNA-binding motif, the homeodomain, downstream of the paired box and the octapeptide motif. Finally, the fourth group which includes Pax4 and Pax6 is characterized by the presence of the paired and entire homeodomain and the absence of the octapeptide. The Pax gene family has been shown to play important roles in the development of various structures and organs (1 -4) .
Development of the endocrine pancreas is controlled by the group IV members, Pax4 and Pax6. Targeted inactivation of the pax4 gene in mice results in the absence of insulin and somatostatin-producing b-and d-cells whereas glucagon-producing a-cells become more abundant (7) . In contrast, Pax6 is necessary for the differentiation of pancreatic a-cells (8) .
We have recently shown that a member of the second group of the Pax family, Pax2, is expressed in pancreatic endocrine cell lines and transactivates the glucagon gene promoter through the G3 control element (9) . The Pax2 gene is expressed in a spatially and temporally restricted manner in several regions of the developing mouse embryo, including the mid-hindbrain boundary, the optic nerve, the spinal cord, the ears and the urogenital system (10) (11) (12) . Consistent with this expression pattern, targeted gene inactivation results in developmental defects of the eyes, kidneys, urogenital tracts and inner ear (13, 14) . The function of Pax2 in the pancreas is yet to be elucidated.
We report here that the Pax2 gene is expressed at low levels during mouse pancreatic development as assessed by RT-PCR. Accordingly, we were unable to detect the Pax2 protein by immunolabeling pancreas sections. Analyses of the pancreas showed that the absence of Pax2 in Pax2 1Neu mutant mice (14) results in a twoto threefold increase in the total islet volume in both heterozygous and homozygous mutant mice with a gene-dependent dosage effect due to increased individual islet size and number per unit pancreas volume; however, we observed no significant change in the insulin or glucagon content of the pancreas. We have concluded that Pax2 may be implicated in the determination of the relative proportion of endocrine and exocrine tissues during pancreas development.
Materials and methods

Animals
All animals were kept under standard housing conditions with free access to water and food, and experiments were conducted according to the regulations of our institutional and state committees on animal experiments. Adult Pax2 1Neu heterozygous mutant mice were crossed to produce wild-type, heterozygous and homozygous littermates. Because of the rapid neonatal death of the homozygous mutants, litters were delivered by laparotomy 1 day before the expected natural birth, i.e. at 18.5 days of embryonic development (E18.5). To this end, pregnant females were killed rapidly by cervical dislocation and the living pups released from uterine horns and anesthetized on a cold plate.
Tissue sampling
Anesthetized pups were placed under a binocular microscope for rapid microdissection of the entire pancreas and checking for the presence of cranial malformations and absence of kidneys (14) . A caudal segment of each embryo was also cut and frozen for DNA extraction.
Genotyping of embryos
Genomic DNA was extracted from the caudal segments of embryos obtained from the cross between two Pax2 mice heterozygous for the Pax2 1Neu mutation. Microsatellite markers D19Mit11 and D19Mit91 were PCR amplified according to the method of Favor et al. (14) using Taq DNA Polymerase (Life Technologies, Gaithersburg, MD, USA) and a 5 min 94 8C denaturation followed by 35 cycles (30 s 94 8C denaturation; 30 s 55 8C annealing; 45 s 72 8C extension) and a final extension of 5 min at 72 8C. Amplification products were separated in 2% agarose gels and visualized by ethidium bromide staining. The resulting PCR products obtained with D19Mit11 and D19Mit91 primers were of 146 bp and 112 bp for wild-type and 164 bp and 140 bp for mutant animals respectively.
Pax2 expression by RT-PCR analysis
Total RNA was isolated from newborn and embryonic pancreata of BL6 £ CBAJ mice using Trizol Reagent (Life Technologies) according to the manufacturer's specifications. In the early stages of development (E10.5 -E14.5), three to eight pancreata were pooled for RNA isolation, whereas starting from E17.5, single pancreas RNA isolations were performed. First-strand cDNA synthesis was performed with random hexamer primers and SuperScript II Reverse Transcriptase (Life Technologies) as recommended by the supplier. Amplification of Pax2 cDNA fragments was achieved using the HotStarTaq DNA Polymerase (Qiagen) with the following amplification program: a 15 min 94 8C denaturation followed by 35 cycles (30 s 94 8C, 30 s 55 8C, 1 min 72 8C) and a final extension of 5 min at 72 8C. PCR amplifications were carried out on single RNA preparations of E10.5 and E11.5, but on two to four independent RNAs from later stages. The primers used were 5 0 -CAG-CCTTTCCACCCAACG-3 0 (forward, exon 4) and 5 0 -GTG-GCGGTCATAGGCAGC-3 0 (reverse, exon 11) and their specificity for Pax2 was tested in control amplifications using cDNAs from Pax4, Pax5, Pax6 and Pax8 (data not shown). PCR products were separated in 1% agarose gels and transferred overnight to NytranN nylon membranes (Schleicher & Schuell, Keene, NH, USA). Membranes were u.v. cross-linked and hybridized with a radiolabeled internal Pax2B cDNA fragment which hybridizes to all Pax2 isoforms. All cDNAs were controlled with amplifications of the b-actin housekeeping gene (30 cycles) using primers sense 5 0 -cccagatcatgtttgagacc, antisense 5 0 -aggatcttcatgaggtagtc.
Immunofluorescence
The entire pancreas was immediately immersed in Bouin's fixative and processed as previously described for immunofluorescence labeling of insulin and glucagon (15) . To immunolabel Pax2, pancreata (and kidney which was used as positive control) were frozen in liquid nitrogen, cryosectioned and incubated with polyclonal Pax2 antibodies (Berkeley Antibody Company, CA, USA) as previously reported (16) .
Morphometric analysis
A total of 38, 27 and 21 pancreata from seven litters were analyzed by standard morphometric procedures (15, 17) in embryos of the þ /þ , þ /2 and 2 /2 genotype respectively at E18.5. Each pancreas was serially cut in 5 mm thick sections, taken at a distance of 200 mm from each other, and immunostained for insulin or glucagon. All analyses were performed on photographs taken at the original magnification of £ 16 (islet evaluation) or £ 40 (cell evaluation) and projected on a ACECAD Professional graphic tablet connected to a Quantimet Leica 500 þ (Leica, Cambridge, Cambs, UK) which was programmed for semiautomatic planimetric area measurements. Briefly, the volume density of b-and a-cells was determined by the ratio of their cell type area to that of the pancreas; islet size was determined by measuring the areas of individual islet profiles; the numerical density of islets was evaluated by scoring the total number of islets per unit pancreas area.
Statistical analysis
Statistical analysis of data was carried out using analysis of variance and t-test for independent samples (b-and a-cell density; islet numerical density), the median test and the Kolmogorov-Smirnov test (islet size), as provided by programs of the 06.01.02 Windows version of Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, USA).
Insulin and glucagon RIA and protein content
A total of 11, 19 and 6 pancreata from five litters were assayed by standard biochemical procedures for insulin (18) , glucagon and protein content in embryos of the þ /þ , þ /2 and 2 /2 genotype respectively at E18.5. Briefly, the entire pancreas was microdissected, weighed wet, sonicated three times for 3 s (output control 2 of a Sonifier 250; Branton, Danbury, CT, USA) and extracted for 24 h at 4 8C in 0.5 ml acid -ethanol. Insulin content was evaluated using an RIA with a charcoal separation step, 125 I porcine insulin (SB-INS I-1; Sorin Biomedica, Saluggia, Italy) as tracer and rat insulin as standard (19) . Glucagon was measured by RIA (LINCO Research, St Louis, MO, USA). Total protein content was evaluated using a Lowry assay (DC protein assay; BioRad, Glattbrugg, Switzerland).
Results
To study Pax2 gene expression in the developing pancreas, RT-PCR was performed on total RNA extracted from embryos at E10.5, 11.5, 12.5, 14.5 and 17.5 as well as from newborn BL6 £ CBAJ mice. At early stages of embryonic development (E10.5 and E11.5), total pancreata were used whereas from E12.5 onwards dorsal and ventral parts of the pancreas were collected separately. Rat brain tissue and human islets known to express Pax2 were used as positive controls. PCR primers used for the amplification hybridized to all known Pax2 isoforms. After 35 cycles of amplification, Pax2 fragments could be visualized by ethidium bromide staining and detected by Southern hybridization with a Pax2B internal fragment. Pax2 was expressed as early as E10.5 in pancreas development and continued thereafter with, however, low mRNA levels during late embryonic development (Fig. 1) .
In order to detect the Pax2 protein in the developing pancreas, immunohistochemical analysis was performed using polyclonal Pax2 antibodies, which give a positive signal in both embryonic kidney and the pancreatic endocrine cell lines, MIN6 and InR1G9, producing insulin and glucagon respectively (data not shown). However, using either a conventional fluorescein isothiocyanate-coupled secondary antibody or a biotin -streptavidin amplification system, we were unable to specifically detect Pax2 in the pancreas of E12.5 -E18.5 mice (data not shown). These data suggest that Pax2 is expressed at low levels in the embryonic pancreas and that Pax2 is not detectable by immunocytochemistry.
To investigate the role of Pax2 in pancreatic development, we studied the mutant mouse line Pax2 1Neu (14) characterized by a naturally occurring mutation, in which a 1 bp insertion at the beginning of the paired domain of the pax2 gene results in a frameshift. The truncated non-functional peptide coded by the mutated gene comprises only the first 21 amino acids identical to those of the wild-type protein. Islets of Langerhans, featuring an organization similar to that observed in wild-type littermates, were observed in the pancreas of heterozygous and homozygous Pax2 1Neu mutant mice (Fig. 2) . However, morphometric analysis indicated that the average pancreas volume occupied by the islets was increased two-and threefold in heterozygous (P , 0.06) and homozygous mutant mice (P , 0.04) respectively (Table 1) . This change was due to an increase in both the number of islets per unit pancreas volume (P , 0.01) and in the size of individual islets (Table 1) . Thus, compared with that of wild-type controls, the area of the median islet profile was enlarged 1.4-and 2.1-fold in heterozygous (P , 0.05) and homozygous mutant mice (P , 0.007) respectively (Table 1) . This enlargement was confirmed by comparing the entire distribution of islets sizes, which were significantly (P , 0.002) different in the homozygous mutant and the wild-type groups (not shown). Evaluation of islet cells after immunostaining failed to reveal significant differences in the volume density of the glucagon-containing a-cells between the three groups of mice studied (Table 1 ). In contrast, the volume density of the insulin-containing b-cells was significantly increased in both heterozygous (P , 0.06) and homozygous mutant mice (P , 0.04; Table 1 ).
Measurement of pancreas weight failed to show significant differences between the E18.5 embryos of the three genotypes studied (not shown). Evaluation of total protein and glucagon concentrations per unit volume of the glands did not reveal significant differences between groups and although insulin content was increased by 15% in the homozygous mutant mice, this difference was not statistically significant ( Table 2 ).
Discussion
We recently reported that the pax2 gene is expressed in pancreatic endocrine cell lines producing glucagon and insulin as well as in adult rat islets by RT-PCR. Furthermore, we detected the Pax2 protein in these pancreatic endocrine cell lines (9) . Pax2 binds and transactivates the glucagon gene promoter through two control elements G 1 and G 3 , whereas it has no known direct effect on insulin gene expression (9) .
A potential role of Pax2 in pancreatic development was hypothesized on the basis of its critical implication in the development of the central nervous system (CNS), the eyes, ears and kidneys (10 -14) . In this study, we have investigated the expression of the pax2 gene in the developing pancreas. We have detected Pax2 mRNA as early as E10.5 with highest expression from E10.5 to E12.5 and low levels late during embryonic development. Since the exocrine pancreas develops from E12 to E14 with a major increase from E15 (20) , then the pax2 gene is likely expressed in the endocrine pancreas at least at the earliest stages. However, we were unable to detect the Pax2 protein by immunolabeling embryonic pancreas using antibodies that gave strong specific signals in the developing kidneys. These results suggested that either Pax2 is present in the pancreas in amounts too low to be detected by immunolabeling or that the cognate mRNA is not translated.
To clarify this issue, we analyzed the possible consequence of the absence of Pax2 on pancreas development by studying the morphology and hormone content of the pancreas of the mutant mouse line Pax2 1Neu (14) . The initial phase of pancreatic development, corresponding to evagination and bud formation occurs before E10.5 (21) . Our results show that loss of Pax2 did not prevent the early development and morphogenesis of pancreatic islets, as evaluated by a normal cellular organization and shape of these micro-organs in E18.5 embryos. Furthermore, loss of Pax2 did not block the prenatal differentiation of b-and a-cells, as assessed by immunodetectable stores of insulin and glucagon, in both heterozygous and homozygous mutant mice. However, loss of Pax2 did affect the quantitative, prenatal development of the endocrine pancreas. Thus, the number of islets per unit volume of pancreas, as well as the size of these micro-organs were found to be significantly increased in mutant mice. As a result, the relative volume islets occupied in the pancreas of these mice was increased compared with control value. This increase was twofold in heterozygous mice and threefold in homozygous mice, suggesting a gene dosage effect. Further analysis of islet cell types after immunolabeling showed that the islet enlargement was essentially accounted for by an increase in the volume of insulin-containing b-cells, whereas that of the glucagon-containing a-cells was unaffected. The lack of effect of the Pax2 mutation on a-cell number and glucagon content was surprising since we previously identified Pax2 as a transcriptional activator of the glucagon gene in pancreatic cell lines (9) . Similarly, a recent study failed to detect an impact of the Pax2 1Neu mutation on the formation of intestinal glucagon-producing cells (22) . The discrepancy of these in vivo data and our previous in vitro results might be due to the nature of immortalized cell lines that have been used in our previous study. However, Pax2 may specifically affect b-cell number. Although to our knowledge no specific impact of the CNS on pancreas development has been described, we cannot exclude an indirect effect of the Pax2 1Neu mutation through its general defects in the brain. Alternatively, the relatively mild pancreatic phenotype of Pax2 1Neu mice could be due to functional redundancy of Pax2 and other Pax genes expressed in the endocrine pancreas. Pax2 and Pax6 expression has been shown to be interdependent in eye development (23) and Pax5 is able to rescue most Pax2 mutant effects in mice (24) . We have observed a 16% increase in the pancreas content of insulin which, however, failed to reach statistical significance in the group of homozygous mutant mice; despite this small increase our results have indicated that the average insulin content per cell is decreased in mutant compared with wild-type mice. Together, the data point to a role of Pax2 in ensuring a quantitatively normal prenatal development of the endocrine pancreas.
In Drosophila, Pax2 is required for the development of multiple sensory organs and its expression appears to be regulated by the Notch signaling pathway (24) . In mammals, during the period of growth and differentiation of the pancreatic primordia, a phase which critically requires Pdx1 activity as well as signals from the surrounding mesenchyme, the Notch signaling pathway appears to influence the choice between endocrine and exocrine fates (21, 25 -27) . The results reported here indicate that lack of Pax2 results in the expansion of endocrine cells. Taken together, we may speculate that Notch positively regulates Pax2 to promote the exocrine and/or inhibit the endocrine differentiation of precursor cells within the mammalian pancreas, along with other transcription factors.
In conclusion, although Pax2 protein is expressed at low levels in the developing murine pancreas, it appears to play a role in determining the endocrine -exocrine fate in pancreatic precursor cells.
